Abstract The coexistence of wild boars and domestic pigs across Eurasia makes it feasible to conduct comparative genetic or genomic analyses for addressing how genetically different a domestic species is from its wild ancestor. To test whether there are differences in patterns of genetic variability between wild and domestic pigs at immunity-related genes and to detect outlier loci putatively under selection that may underlie differences in immune responses, here we analyzed 54 single-nucleotide polymorphisms (SNPs) of 19 immunityrelated candidate genes on 11 autosomes in three pairs of wild boar and domestic pig populations from China, Iberian Peninsula, and Hungary. Our results showed no statistically significant differences in allele frequency and heterozygosity across SNPs between three pairs of wild and domestic populations. This observation was more likely due to the widespread and long-lasting gene flow between wild boars and domestic pigs across Eurasia. In addition, we detected eight coding SNPs from six genes as outliers being under selection consistently by three outlier tests (BayeScan2.1, FDIST2, and Arlequin3.5). Among four non-synonymous outlier SNPs, one from TLR4 gene was identified as being subject to positive (diversifying) selection and three each from CD36, Immunogenetics (2013) IFNW1, and IL1B genes were suggested as under balancing selection. All of these four non-synonymous variants were predicted as being benign by PolyPhen-2. Our results were supported by other independent lines of evidence for positive selection or balancing selection acting on these four immune genes (CD36, IFNW1, IL1B, and TLR4). Our study showed an example applying a candidate gene approach to identify functionally important mutations (i.e., outlier loci) in wild and domestic pigs for subsequent functional experiments.
Introduction
How many genetic changes are needed for the transformation from a wild into a domestic species? The search for identifying such genetic changes that differentiate domestic animals from their wild ancestors and an understanding of the evolutionary processes involved have increasingly become one of the major research themes in the fields of animal genetics and breeding. As a result, a growing number of genes and genomic regions have been linked to a variety of phenotypic differences between domestic species and their wild progenitors (e.g., Axelsson et al. 2013; Rubin et al. 2010; vonHoldt et al. 2010) . Unlike other domestic livestock species whose wild progenitors are either extinct (domestic cattle and horse) or uncertain (domestic sheep), both domestic pig and its wild counterpart (i.e., wild boar) are co-distributed across a vast territory of Eurasia. The coexistence of wild and domestic pigs makes it feasible to conduct comparative genetic or genomic analyses for addressing how genetically different are domestic pigs from wild boars.
Generally, compared to their wild counterparts, domestic pigs and other domestic animal species as well have been subjected to intense selection under domestication and captive breeding and thus resulted in marked changes in morphological, physiological, and behavioral traits (Price 2002) . For instance, domestic pigs have undergone changes in skeletal muscle growth and cellularity (Rehfeldt et al. 2008) , coat color (Andersson 2009) , and perhaps disease susceptibility and resistance. To dissect the genetic basis underlying differences in phenotypic traits (including disease susceptibility and resistance) between wild and domestic pigs or among different domestic pig breeds, two general approaches, either topdown (from phenotype to genotype) or bottom-up (from genotype to phenotype), have been widely used to discover the causal genes and genomic regions for monogenic and complex traits (Ross-Ibarra et al. 2007) . Although there are several successful cases using the top-down approach in domestic pigs (see Andersson (2009)) , recent studies tend to use the bottomup approach (also known as genome-wide scan), benefiting from technological advances in genome sequencing and genotyping. Recent genome-wide scans in wild and domestic pigs revealed a strong signature of selection in genes mainly associated with coat color, morphological changes, production traits, olfaction, and immune response (Amaral et al. 2011; Groenen et al. 2012; Rubin et al. 2012; Wilkinson et al. 2013 ). However, compared to humans, less immunity-related genes in wild and domestic pigs have been detected as targets of positive selection given that they are exposed to different pathogenic environments, for example, virus loads (Reiner et al. 2010) .
Indeed previous comparative genomics studies have demonstrated that genes involved in immune defenses tend to undergo adaptive evolution at the interspecies level (e.g., Kosiol et al. 2008) . Recent genome-wide scans in humans have also detected a number of immunity-related genes that present a genomic signature of positive selection (see Akey (2009)) . A general interpretation for such patterns of selection in immunity-related genes is host-pathogen arms race or pathogen-driven selection (Barreiro and Quintana-Murci 2010) , which can take forms of positive selection (i.e., favoring new advantageous mutations) and balancing selection (i.e., favoring genetic variability within a population). Although balancing selection is not a significant force in human genome as a whole (Andrés et al. 2009 ), it is a key force for a number of genes, including immunity-related genes Fumagalli et al. 2009 ). Notably, evidence for instances of balancing selection is still increasingly mounting (e.g., Leffler et al. 2013) . Collectively, exploring genetic variation and detecting signatures of selection in immunity-related genes are useful and informative for linking functionally important mutations to disease susceptibility and resistance.
In this study, we applied a candidate gene approach to detect outlier loci putatively under selection from a panel of innate immunity-related candidate genes between wild and domestic pig populations using single-nucleotide polymorphism (SNP) data. The populations of choice from China, Iberian Peninsula, and Hungary cover both previously defined Asian and European lineages (Giuffra et al. 2000; Megens et al. 2008 ) and multiple geographic centers of pig domestication (Larson et al. 2005) . Interestingly, previous studies have revealed different polymorphic patterns in few innate immune genes between wild boar and domestic pig populations (e.g., Bergman et al. 2010) . These pilot results implicate that it has great potential to identify genes and mutations underlying differences in immune responses between wild and domestic pigs by using a genome-wide candidate gene approach.
The main goals of this study were to (1) test whether there were differences in patterns of genetic variability between three pairs of wild and domestic pig populations at immunity-related candidate genes and (2) detect outlier loci putatively under selection that may underlie differences in immune responses between wild and domestic pigs. Table S1 ) were designed by Primer3 v0.4.0 online web platform (http://frodo.wi.mit.edu/) based on NCBI porcine genome assembly Sscrofa9.2 reference sequences. Polymerase chain reaction (PCR) system and working conditions were as described previously (Chen et al. 2011 ) but with different annealing temperatures upon primer pairs. PCR products were purified and sequenced for both strands at the HighThroughput Genomics Unit, Department of Genome Sciences, University of Washington (http://www.htseq.org/). The resulting raw sequences were checked and aligned using software package DNASTAR v7.1 (DNASTAR Inc., Madison, WI, USA) to identify SNPs. From those 19 sequence fragments, 70 SNPs and one 9-bp deletion were detected in the 16-sample panel (Supplementary Table S2 ).
Materials and methods

Samples
SNP panel and genotyping
All SNPs identified in this study (Supplementary 
Statistical data analyses
Allele frequency and diversity measures (including observed and expected heterozyogsity) were calculated in GenAlEx 6.5 (Peakall and Smouse 2012) . To explore and visualize the differences and relationships between individuals and populations, we carried out principal coordinate analyses (PCoA) in GenAlEx 6.5 using Codom-Genotypic distance-a set of squared distances between genotypes (Smouse and Peakall 1999) . We also calculated population pairwise Fst distances by Codom-Allelic distance via analysis of molecular variance (AMOVA) option in GenAlEx 6.5, which brings the estimates of Fst in line with Weir and Cockerham (1984) estimates. In addition, to further detect population genetic structure, we ran Structure 2.3.3 (Pritchard et al. 2000) using the default conditions of an admixture model and correlated allele frequencies among populations (Falush et al. 2003) , with a running length period of 500,000 per run after a burn-in period of 50,000. The range of the numbers of clusters (K) was tested from one to ten with three replicates for each K. The Evanno method (Evanno et al. 2005) , implemented by STRUCTURE HARVESTER (Earl and vonHoldt 2012) , was applied to identify the correct number of clusters that best fit the data. The program DISTRUCT 1.1 (Rosenberg 2004 ) was finally utilized to graphically display the population structure.
To detect outlier SNPs potentially under positive (diversifying) selection or balancing selection, we conducted three Fst-based outlier tests including BayeScan (Foll and Gaggiotti 2008) , FDIST2 (Beaumont and Nichols 1996) , and Arlequin3.5 (Excoffier et al. 2009 ). The BayeScan approach implements a Bayesian method to directly calculate the posterior probability for each locus under the model including selection; the Posterior Odds (PO)-the ratio of posterior probabilities-was used to indicate how more likely the model with selection is compared to the neutral model (Foll and Gaggiotti 2008) . We ran BayeScan 2.1 using the recommended default parameter settings. The R function "plot_bayescan" was applied to identify outliers using the q-value threshold, leading to a false discovery rate (FDR) of 5 or 1 %.
The FDIST2 approach was proposed to obtain the null distribution of Fst versus expected heterozygosity under an island model by coalescent simulations and to identify those loci with excessively high or low Fst compared to neutral expectations as outliers being putatively under selection (Beaumont and Nichols 1996) . We performed the FDIST2 approach in LOSITAN (Antao et al. 2008 ) with 100,000 simulations and the option of "neutral mean Fst" checked. The confidence interval was set at 0.99, which was suggested to adjust false-positive rates (Beaumont and Balding 2004) .
The Arlequin3.5 approach is essentially an extension of the FDIST2 approach, with inclusion of hierarchical genetic structure and some differences in other aspects (Excoffier et al. 2009; Excoffier and Lischer 2010) . The finite island model in the FDIST2 approach has been recently shown to result in a large fraction of false-positives under the conditions that population samples are hierarchically structured or some population samples have a recent shared history, whereas the hierarchical island model in Arlequin3.5 can reduce the excess of false-positives under such conditions (Excoffier et al. 2009 ). We conducted 50,000 coalescent simulations with 50 groups of 100 demes under the hierarchical island models in Arlequin3.5.1.3 (Excoffier and Lischer 2010) to generate the joint distribution of Fst versus heterozygosity. Pre-defined population groupings were set as two groups (Chinese vs. European) or three groups (Chinese vs. Iberian vs. Hungarian). Loci that fall out of the 99 % confidence intervals of the distribution were identified as outliers being putatively under selection.
Predicting effects of non-synonymous variants on protein function
We used the software tool Polymorphism Phenotyping v2 (PolyPhen-2) (http://genetics.bwh.harvard.edu/pph2/) to predict the functional effects of coding non-synonymous variants. PolyPhen-2 is an automatic probabilistic classifier that uses a number of sequence-and structure-based predictive features by an iterative greedy algorithm (Adzhubei et al. 2010) . We ran the PolyPhen-2 web interface (v2.2.2r398) under default HumDiv model, which uses 5 or 10 % false-positive rate thresholds for "probably damaging" or "possibly damaging" predictions. For this study, variants were predicted as "benign" and "damaging" (including probably and possibly damaging).
Results and discussion
SNP filtering and data quality
Extensive quality control was performed to assess SNP data quality based on several criteria including non-concordant repetitions, negative controls, genotypes validation, and genotyping call success rate. Initially, throughout 64 SNPs genotyped, we did not find any SNPs with more than two alleles (i.e., all genotypes are validated) but found that eight were uninformative (CD36 g.40803A > G, CD40 g.10460_10468del, FOS g.2195A> T, FUT1 g.955C >T, FUT1 g.1300G>A, IL1B g.3971C>T, ITGB1 g.40930 T>G, and SLC11A1 g.139C>T). Moreover, there were no discrepant repetitions across all genotypes examined. Furthermore, when applying a cutoff genotyping call success rate of >90 %, we filtered out two SNPs (CD40 g.10688C > T and IL1B g.2684G>A) and seven samples, yielding a genotype matrix of 54 SNPs and 375 samples. In addition, five samples of Chinese domestic pigs found to be recent hybrids were also not considered. Eventually, we obtained a genotypic data set of 54 SNPs and 370 samples of high quality (Supplementary Table S4 ) for subsequent population genetic analyses. The final SNP data set contained 39 coding (13 nonsynonymous) and 15 noncoding SNPs of 19 candidate genes (CD36, CD40, FASLG, FOS, FUT1, GBP2, IFNG, IFNW1, IL1B, IL6, IL10, IL16, ITGB1, LTA, LTB, SLC11A1, TLR2, TLR4, and TLR5) on 11 different autosomes.
Pairwise comparisons of allele frequency and heterozygosity between wild and domestic pigs Overall, Chinese populations (CHW and CHD) showed higher levels of genetic variability than their counterparts from Iberian Peninsula (IBW and IBD) and Hungary (HUW and HUD) across all diversity measures (Table 1) . To test whether there were differences in patterns of genetic variability between wild and domestic pig populations, we performed pairwise comparisons of allele frequency and observed and expected heterzygosity across loci and found no statistically significant differences (P>0.05, MannWhitney U-test) between three pairs of populations from three regions (Table 2 ). When pooling populations from two European regions together, we also did not find statistically significant differences between wild and domestic pigs (Table 2) . It deserves to explore several possibilities for interpreting such patterns of no differences in allele frequency and heterozygosity across loci between three pairs of wild and domestic pig populations being different from those polymorphic patterns observed in three toll-like receptor genes (Bergman et al. 2010) .
First, this pattern might be attributed to SNP ascertainment bias toward common alleles being shared and nonsegregated between wild and domestic pig populations. This phenomenon was commonly observed in previous studies on genome-wide SNP variation (e.g., The International HapMap Consortium 2005). To assess this possibility, we calculated the average minor allele frequency (MAF) across all 54 SNPs and obtained an average value of 16.98 %, reflecting SNP ascertainment bias not toward common alleles. When looking into details at the locus level, we detected 31 SNPs with MAF less than 10 % (accounting for 57.41 % of total SNPs), of which 25 SNPs actually possessed MAF below 5 %. These results indicated that the SNP loci with rare alleles were in fact not underrepresented in this study, and thus estimates of variation within and between populations would not suffer strong biases. Since rare alleles contribute little to heterozygosity (e.g., Cornuet and Luikart 1996) , the observed similar level of heterozygosity between three pairs of wild and domestic pig populations was less likely due to SNP ascertainment bias.
Second, complex demography could theoretically create such observed similar polymorphic patterns between three pairs of wild and domestic pig populations. However, this explanation requires complex demographic scenarios such that three wild boar populations have undergone contractions in parallel, whereas three domestic pig populations have experienced expansions simultaneously, after their domestication splits (approximately 10,000 years ago). In contrast, previous genetic studies showed that European wild boars except for Italian populations have undergone postglacial expansions, not contractions (Alves et al. 2010; Scandura et al. 2008) . As a result, this explanation is practically unrealistic and easily excluded, considering varying spatial and temporal conditions across China, Iberian Peninsula, and Hungary.
Finally, one more likely and parsimonious explanation is extensive hybridization events (i.e., gene flow) between wild and domestic populations after domestication. This scenario is well supported by our observations. The first observation is lower Fst values between wild and domestic populations from the same geographic region (e.g., 0.071 from China and 0.085 from Iberian Peninsula) than those among regions (Table 3) , suggesting weak differentiation. The second observation is that evidence for certain levels of gene flow between wild and domestic pigs has also been revealed by mitochondrial DNA, microsatellites, and nuclear DNA sequence makers at different geographic regions, including China (Ji et al. 2011 ), Iberian Peninsula (van Asch et al. 2012 , and central Europe (Larson et al. 2005; Scandura et al. 2008) . In addition, a recent study using genome-wide SNPs also revealed genetic introgression from domestic pigs into wild boars in Northwest Europe (Goedbloed et al. 2013) . The widespread and long-lasting gene flow between wild and domestic pigs across Eurasia would homogenize their gene pools (Ramírez et al. 2009 ), leading to a homogenization of allele frequencies and a similar level of genetic variability. Actually, such historical admixture may have promoted the exchange of advantageous alleles at these immunity-related candidate genes that are nowadays shared between wild and domestic pig populations.
Population structure of wild and domestic pigs
The PCoA results revealed that the first two axes accounted for 60.41 and 83.03 % of the total variation at individual (Fig. 1a) and population (Fig. 1b) levels, respectively. The (Fig. 1a) . Likewise, plot of six populations on the first axis indicated a clear distinction between Chinese and European populations, while plot on the second axis revealed a further separation of Hungarian wild boar (HUW) from other three European populations (Fig. 1b) .
Moreover, STRUCTURE analyses obtained essentially similar results as PCoA analyses. The Evanno method (Evanno et al. 2005 ) identified three clusters (K=3) that best fit the data (Supplementary Fig. S1 ). The STRUCTURE results showed a major split with a limited level of admixture between Chinese and European populations, even when K ranged from 2 to 4 (Fig. 2) . When K=3, besides separation from Chinese counterparts, all European populations each contained individuals belonging to two European clusters (Fig. 2) , probably reflecting a common descent.
These results, taken together, are consistent with previous genetic studies that detected two major phylogenetic groups each for Asian and European wild and domestic pigs (Giuffra et al. 2000; Megens et al. 2008) . Albeit a small number of SNPs used, a certain level of genetic identity between Chinese and Hungarian domestic pigs is still discernable. This is better interpreted by genetic introgression from Chinese into European domestic pigs, as clearly demonstrated in recent genome sequencing and SNP chip genotyping studies (Amaral et al. 2011; Groenen et al. 2012; Wilkinson et al. 2013) . However, considering a recent genome-wide SNPs study which reported that Spanish Iberian pigs are significantly differentiated from Romanian Mangalica pigs (Manunza et al. 2013) , high genetic identity between Iberian (Alentejano from Portugal) and Hungarian Mangalica pigs in this study tends to be attributed to a common descent, not to admixture, despite the fact that a panel of 54 SNPs has a limited resolution.
Detection of outlier SNPs being putatively under selection
When considering all populations cumulatively, BayeScan2.1 revealed eight outlier SNPs (four non-synonymous) with posterior probabilities (PP) ranging from 0.978 to 1.0 at a FDR of 5 %, including two for positive (diversifying) selection and six for balancing or purifying selection, as indicated by alpha values (Table 4) . When adjusting to a FDR of 1 %, three nonsynonymous SNPs (IFNW1 g.391G>A, IL1B g.4108C>A, and TLR4 g.7485C>A) remained as outliers (those with qvalue<0.01). Noticeably, BayeScan2.1 gave decisive evidence (PP=1.0) for positive (diversifying) selection acting on TLR4 g.7485C>A, which causes an amino acid change Lys343Gln. In addition, FDIST2 (LOSITAN) detected ten outlier SNPs (Fig. 3) , including those eight by BayeScan2.1 and two new ones (IFNG g.1703 T>C and ITGB1 g.30721G>A) . It is worth noting that IFNG g.1703 T>C, suggested by FIDIST2 as under positive (diversifying) selection, may indeed represent a falsepositive given its noncoding status and low Fst value (< 0.05).
We were aware that both BayeScan2.1 and FDIST2 methods do not take hierarchical population structures into account, and our studied populations with geographic structuring as revealed by PCoA and STRUCTURE analyses violated their assumptions. To reduce a confounding effect of geographic structuring among populations, we thus conducted Arlequin3.5 analyses under hierarchical island models. When setting at two groups (Chinese vs. European), Arlequin3.5 found exactly the same eight outliers as by BayeScan2.1 (Fig. 4) , while when setting at three groups (Chinese vs. Iberian vs. Hungarian), Arlequin3.5 identified 11 outliers, including those aforementioned eight and three new ones (GBP2 g.12934C>A, GBP2 g.12936C>A, and IFNW1 g.435C>T) (Fig. S2) . Moreover, as recent studies demonstrated, all of the three outlier tests applied here may suffer type I (false-positive) and type II (false-negative) errors; it is important to interpret outliers cautiously (e.g., Narum and Hess 2011). We thus only considered those eight outlier SNPs (Table 4 ; Fig. 4 ) consistently revealed by all three methods as candidate loci targeted by selection. We also acknowledged that Fst-based outlier tests typically need hundreds to thousands of SNPs to build a robust null neutral distribution of Fst (e.g., Beaumont and Balding 2004; Excoffier et al. 2009 ). Our study using a panel of 54 SNPs would expectedly have limited statistical power to precisely tell outliers apart from neutral loci. However, it should be emphasized that, though small in number, our SNPs are all located in immunity-related genes belonging to top categories of genes that have been often found under positive (diversifying) or balancing selection in recent genome-wide studies (e.g., Akey 2009; Kosiol et al. 2008) . Thus, it is still likely to detect few outliers putatively under selection from this small particular data set, as demonstrated through our analyses that revealed eight outliers constantly across three different methods.
Furthermore, it is known that purifying selection against slightly deleterious non-synonymous variants would also increase or decrease levels of population differentiation, confounding to effects of positive selection or balancing selection (e.g., Barreiro et al. 2008; Bustamante et al. 2005) . However, knowing the functional effects of non-synonymous variants would enable one to distinguish between different types of selection. By using PolyPhen-2, we found that the four nonsynonymous outlier SNPs were predicted as "benign" ( Table 5 ), suggesting that purifying selection seems less likely to account for their exhibited levels of population differentiation (Table 4) . Thus, the high Fst value of one outlier (TLR4 g.7485C>A) and the low Fst values of three outliers (CD36 g.40827A>G, IFNW1 g.391G>A, and IL1B g.4108C>A) were more likely to be caused by positive (diversifying) selection and balancing selection, respectively. Regarding those four synonymous outlier SNPs (Table 4) , it was understandable through hitchhiking effect on linkage disequilibrium between linked neutral loci (Stephan et al. 2006 ). This was obviously true for two synonymous outliers (CD36 g.40748G>A and IL1B g.2744C>T), each having one nearby non-synonymous outlier SNP detected as under selection as mentioned earlier.
Always bear in mind that, for outlier loci inferred as under selection, we need to understand their selective agents or motivation for selection beyond statistical tests. As mentioned early on, a general interpretation for positive (diversifying) selection or balancing selection acting on immunity-related genes is pathogen-driven selection (Barreiro and Quintana- Fig. 3 The outliers suggested by FDIST2 method implemented in LOSITAN Murci 2010). This explanation may also be applied to those four non-synonymous outlier SNPs of selection signatures identified in wild and domestic pigs here. To gain more support for this explanation, we examined the evolutionary patterns of these four immune genes (CD36, IFNW1, IL1B, and TLR4) from other independent studies. Previous genetic studies in human populations showed that a CD36 nonsense variant, associated with differential susceptibility to cerebral malaria, had undergone recent positive selection (see Sabeti et al. (2006) ). Evidence (albeit weak) for positive selection was detected in cytokine IFNW1 gene in human populations (Amos and Bryant 2011) . Interestingly, strong evidence for balancing selection acting on cytokine IL1B gene (same as in our study) has been found in a natural population of field voles (Turner et al. 2012 ). Most importantly, genetic variation of the IL1B gene had already been demonstrated to be associated with immune variation and resistance to multiple pathogens in field voles (Turner et al. 2011 ). In addition, several studies demonstrated that TLR4 gene-one of most well-known pattern recognition receptors, had been subject to positive selection, for example, in bovine species (White et al. 2003) and in primates (Wlasiuk and Nachman 2010) . These independent lines of evidence gave clear support for our interpretation that those four non-synonymous outlier SNPs may have been under pathogen-mediated selection.
It was worthy of notice that we detected four out of six genes harboring outlier SNPs (or four out of 19 genes studied) as being putatively under balancing selection. This The score is posterior probability of a mutation being damaging Fig. 4 The outliers identified by Arlequin3.5 hierarchical island model at two groups (Chinese vs. European) proportion appeared too high at first sight, when comparing to 60 out of 13,400 genes as targets of balancing selection across human genome (Andrés et al. 2009 ). However, when comparing to those studies that concentrated only on immune genes, we found a similar proportion of genes identified as under balancing selection. For example, FerrerAdmetlla et al. (2008) found signatures of balancing selection in six out of nine immune genes analyzed; Fumagalli et al. (2009) demonstrated that three out of 26 blood group antigen genes had been subject to balancing selection. Although it is difficult to detect balancing selection using just outlier tests (Hofer et al. 2012 ), these three non-synonymous outlier SNPs (CD36 g.40827A>G, IFNW1 g.391G>A, and IL1B g.4108C>A) should represent true targets of balancing selection in wild and domestic pigs. This is particularly true for the outlier IL1B g.4108C>A because there was independent evidence for balancing selection acting on the IL1B gene in field voles (Turner et al. 2012) . Nonetheless, future fine-scale population genetic analyses on these three candidate genes (CD36, IFNW1, and IL1B) by re-sequencing their full gene sequences and by integrating appropriate data analysis methods such as haplotype-based and linkage disequilibrium-based methods (see Sabeti et al. (2006) ) are highly needed. In addition, functional experiments are required to determine the mechanisms of balancing selection (e.g., heterozygote advantage or frequency-dependent selection) in these three genes in wild and domestic pig populations that are exposed to different pathogenic environments.
Conclusions
Although there were no significantly different patterns of allele frequency and heterozygosity between three pairs of wild boar and domestic pig populations in this small panel of SNPs, encouragingly, we could still identify four nonsynonymous outlier SNPs from four immune genes (CD36, IFNW1, IL1B, and TLR4), including one under positive (diversifying) selection and three under balancing selection. Our results, together with other independent studies on those four genes, are in agreement with a general view that pathogen-mediated selection has shaped patterns of genetic variation in immunity-related genes across species (Barreiro and Quintana-Murci 2010) . Our study showed an example applying a candidate gene approach to identify functionally important mutations (i.e., outlier loci) in wild and domestic pigs for subsequent functional experiments. Nevertheless, advances of next-generation sequencing technologies have produced whole-genome sequencing data without ascertainment bias that identify more functionally important mutations underlying phenotypic differences in wild boar and domestic pigs Rubin et al. 2012) .
